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M
onometallic and bimetallic nano-
particles (NPs) are key compo-
nents in many catalytic, optical,

and magnetic devices. The ability to control

the composition, shape,1�3 and

architecture4�6 of multicomponent NP sys-

tems is of increasing importance in tailoring

the resulting properties. Synthetic ap-

proaches to NP synthesis have been evolv-

ing over the last 100 years, but most struc-

tural/compositional information is gleaned

from TEM and XRD analysis.7�10 These

methods are quite satisfactory for large

NPs (�10 nm), but obtaining similar infor-

mation for smaller, catalytically relevant

particles of less than 5 nm is more

challenging.11�15 The vast majority of bime-

tallic NP catalysts are prepared by impreg-

nation/deposition methods that often give

well-dispersed, highly active systems, but

the details of structure and local composi-

tion are difficult to ascertain and often re-

main ill-defined.16,17 For example, the struc-

ture and oxidation states of Pt and Ru in

active PtRu fuel cell electrocatalysts remain

a contentious topic.18

We have recently shown that bimetallic

particles of the same size, shape, and com-

position show significant differences in ac-

tivity when configured into different archi-

tectures, such as alloy, core�shell, or

monometallic mixtures (see drawing).5 In

particular, the core�shell structure has

emerged as an attractive catalytic compo-
nent due to the ability to tune the activity
of the shell metal through interactions with
the core.4,5,19�23 However, rational design
and control of the particle’s activity requires
precise synthetic methodology and full
knowledge of structure/composition.

The structure, composition, and architec-
ture of bimetallic nanoparticles are defined
by many parameters. For example, the nano-
particle shape (e.g., cuboctahedral versus

truncated octahedral) is a dis-
tinct structural characteristic, in
addition to the crystal struc-
ture (i.e., fcc vs hcp).24�27 In ad-
dition, bimetallic nanoparticles
with the same composition,
shape, and crystal structure can
have different architectures
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ABSTRACT A comprehensive structural/architectural evaluation of the PtRu (1:1) alloy and Ru@Pt core�shell

nanoparticles (NPs) provides spatially resolved structural information on sub-5 nm NPs. A combination of extended

X-ray absorption fine structure (EXAFS), X-ray absorption near edge structure (XANES), pair distribution function

(PDF) analyses, Debye function simulations of X-ray diffraction (XRD), and field emission transmission electron

microscopy/energy dispersive spectroscopy (FE-TEM/EDS) analyses provides complementary information used to

construct a detailed picture of the core/shell and alloy nanostructures. The 4.4 nm PtRu (1:1) alloys are crystalline

homogeneous random alloys with little twinning in a typical face-centered cubic (fcc) cell. The Pt atoms are

predominantly metallic, whereas the Ru atoms are partially oxidized and are presumably located on the NP

surface. The 4.0 nm Ru@Pt NPs have highly distorted hcp Ru cores that are primarily in the metallic state but

show little order beyond 8 Å. In contrast, the 1�2 monolayer thick Pt shells are relatively crystalline but are

slightly distorted (compressed) relative to bulk fcc Pt. The homo- and heterometallic coordination numbers and

bond lengths are equal to those predicted by the model cluster structure, showing that the Ru and Pt metals

remain phase-separated in the core and shell components and that the interface between the core and shell is

quite normal.

KEYWORDS: core�shell · nanoparticles · EXAFS · catalysts · structure�property
relationships
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(i.e., spherical fcc PtRh alloys and core�shell NPs).28 Re-
cent studies have shown that shape, structure, composi-
tion,29 and architecture4,5,28 are extremely important pa-
rameters affecting catalytic activities of bimetallic
nanostructured materials, and, as such, knowledge of
these parameters is critical in understanding the underly-
ing surface science and catalytic chemistry.

We report here a comprehensive architectural evalu-
ation of the PtRu alloy and Ru@Pt core�shell NPs that
provides spatially resolved structural information on
sub-5 nm NPs. This comparative study illustrates how
extended X-ray absorption fine structure (EXAFS), X-ray
absorption near edge structure (XANES), pair distribu-
tion function (PDF) analyses, Debye function simula-
tions of X-ray diffraction (XRD), and field emission trans-
mission electron microscopy/energy dispersive
spectroscopy (FE-TEM/EDS) analyses provide comple-
mentary information used to construct a detailed pic-
ture of the core�shell and alloy nanostructures. In par-
ticular, we can clearly differentiate NPs of the same size
and show that core�shell structures comprise essen-
tially metallic, crystallographically disordered Ru cores
with thin, 1�2 monolayer Pt shells. Moreover, these
shells are grown in a nonepitaxial, pseudomorphic fash-
ion with only slight distortions from bulk Pt metal. EX-
AFS and XANES studies show a small but significant oxi-
dation of Pt in Ru@Pt core�shell NPs, which is
noticeably absent in the alloy and pure Pt particles. In
contrast, the PtRu alloy NPs are homogeneous random
alloys that show a higher degree of Ru oxidation rela-
tive to the Ru@Pt core�shell but a complete absence of
Pt oxidation. These structural and spectroscopic signa-
tures provide insight to the unique and unusual activi-
ties of the coreunique and unusual activities of the
core�shell and alloy structures.

RESULTS
In our previous publication,5 we described the syn-

thesis, general characterization, and catalytic activity of
Ru@Pt core�shell and PtRu alloy NPs. In particular, sur-
face IR-CO probe experiments and catalytic activities
were used to differentiate alloy from core�shell archi-

tectures. Here we use direct methods to
evaluate distortions of the surface struc-
ture, details of alloy formation, and the
nature of the interfacial interactions be-
tween core and shell components of the
Ru@Pt particles. In the Discussion, we
compare and contrast the core�shell and
alloy NPs to illustrate how the various
techniques can differentiate the two
types of architectures.

Composition and Architecture by Scanning
Transmission Electron Microscopy. The high-
resolution TEM images of the Ru NPs (Fig-
ure 1a) show them to be roughly spheri-
cal in shape with ill-defined lattice fringes.

Some faceting is also observed, but well-defined facets
are not easily identifiable. The Ru@Pt NPs show well-
defined lattice fringes that are associated with the crys-
talline 1�2 monolayer (ML) thick Pt shells (Figure 1b).
The fast Fourier transform (FFT) analyses of the particle
images show highly faceted fcc Pt NPs. In contrast, the
HR-TEM image of the PtRu alloy (Figure 1c) shows 111
faceted fcc NPs with large, crystalline domains.

Although the HR-TEM images of the alloy and
core�shell particles appear very similar, the local com-
position and architecture (core�shell vs alloy) are easily
distinguished using a 1.5 nm EDS probe in the STEM
mode. Multiple single-particle EDS analyses of
core�shell and alloy NPs from various syntheses con-
firmed that all particles are bimetallic in nature, and
stray monometallic particles were not observed in any
of the samples. STEM-EDS line scans recorded from 4.1
nm Ru@Pt NPs clearly show a bimodal Pt distribution
that reaches a maximum at the edge of the particle (i.e.,
the shell), whereas the Ru L line shows maximum Ru
concentration at the center of the particle (Figure 2a).
In addition, STEM-EDS point spectra acquired from dif-
ferent regions of a distinct Ru@Pt NP show the highest
atomic % Pt at the edges with more atomic % Ru at the
center (Supporting Information, Figure S1). In contrast,
the PtRu alloy NPs show single Gaussian distributions of
X-rays across the particle for both elements, as ex-
pected from the random arrangement of atoms on the
surface and in the bulk of the particle (Figure 2b). STEM-
EDS point spectra acquired from different regions of
the same particle also reveal the random arrangement
of Pt and Ru atoms across the particle (Supporting Infor-
mation, Figure S2).

Extended X-ray Absorption Fine Structure (EXAFS) and X-ray
Absorption Near Edge Structure (XANES) Studies. XANES and
EXAFS data were collected for PtRu and Ru@Pt NPs to
evaluate the electronic structure and the atomic config-
uration geometry in their local environment. Bulk Pt,
Ru, RuO2, and PtO2 standards were also evaluated for
comparison. The XANES data show predominantly me-
tallic states of Ru and Pt in both the core�shell and al-
loy NP samples (Figure 3). However, the NP samples

Figure 1. TEM images showing (top) general morphology and (bottom) high-resolution
images of (a) a 3.0 nm Ru NP, (b) a 4.1 nm Ru@Pt NP, and (c) a 4.4 nm PtRu alloy NP. In-
sets show the FFTs of HR-TEM images.
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consistently exhibit increasing white line intensities as

well as shifts to higher energies relative to the bulk Pt

and Ru, indicating some degree of oxidation. The Ru@Pt

NPs show the highest Pt white line intensity (Figure

3a) of the two nanoparticle samples, indicating that the

Pt was slightly more oxidized in the Ru@Pt core�shell

NPs relative to the PtRu NP alloy and the Pt foil stan-

dard. Strong oxidation of Pt should be ruled out based

on comparison with bulk Pt and PtO2 (Figure 3a). The Ru

in both NPs also exhibited some degree of oxidation,

especially in the PtRu alloy structure, but both NP

samples were much more akin to metallic Ru than RuO2

(Figure 3b).

The raw, edge-step normalized and background-

subtracted EXAFS data in k space and the correspond-

ing Fourier transforms in r space at both Pt L3 and Ru K

edges are displayed in Supporting Information, Figure

S3. The EXAFS oscillations in k space at each absorp-
tion edge are lower in amplitude compared to that in
bulk Pt and Ru (Supporting Information, Figure S3a,b),
which can be attributed to the finite size effect of nano-
particles. The EXAFS oscillations in the Ru@Pt
core�shell NPs are in phase with bulk behavior at the
Ru edge and are phase-shifted to slightly higher k val-
ues at the Pt edge, which is consistent with the pres-
ence of Ru metal in the core and a somewhat distorted
Pt shell. In contrast, k space oscillations for the PtRu al-
loy NPs are significantly phase-shifted from their re-
spective metal standards at each edge, which is consis-
tent with the more random mixing of Pt and Ru within
the nanoparticles. In addition to having the lower am-
plitude of the first nearest neighbor (1NN) peaks at both
Pt and Ru edges, which can be attributed to the size
truncation effect expected in the nanoparticles, their r
space data, in particular, for the Ru K edge, demonstrate
the signs of alloying (in PtRu alloy NP) or segregation
(in Ru@Pt NP) as well (Supporting Information, Figure
S3c,d). Comparison of the EXAFS signals in standard Pt
and Ru oxides and those in the nanoparticle samples
confirms the observation made by XANES that Pt and
Ru bonding with oxygen is insignificant, if at all present.

EXAFS data and theoretical fits for the Pt L3 edge
and the Ru K edge of the Ru@Pt and PtRu NPs are
shown in Figure 4. EXAFS data analysis was carried out
by simultaneously fitting both the Pt edge and Ru edge
data while accurately accounting for homometallic
(Pt�Pt and Ru�Ru) and heterometallic (Pt�Ru and
Ru�Pt) interactions. The best-fit values of the 1NN
structural parameters are summarized in Table 1.

Multiple-scattering contributions to the Pt edge
data calculated from the fcc model of pure Pt were
also included in the FEFF analysis of Ru@Pt NPs, such
that data at higher r range could be fitted to extract
structural parameters beyond the first coordination
shell (Figure 4a). Good fit quality and physically mean-
ingful values of the best-fit results validated the ap-
proximation used in the fit, that the Pt environment is
Pt-rich in that sample. For the Ru edge data, the ab-
sence of such high-order contributions was taken as
evidence of the poorly ordered core structure (Figure
4b). These EXAFS data show that the Ru cores of the

Figure 2. Representative STEM-EDS line spectra of (a) a 4.0 nm Ru@Pt NP and (b) a 4.4 nm PtRu (1:1) alloy nanoparticle.
Relative atomic % composition values (vertical axis) of Pt (red) and Ru (blue) are plotted against the line scan probe posi-
tion (horizontal axis) and are given next to the STEM images. A 1.5 nm probe was used to trace 10�15 nm scans across each
particle. The particle centers are at �5 nm in (a) and �7 nm in (b).

Figure 3. XANES spectra of (a) Ru@Pt core/shell NPs, PtRu
alloy (1:1) NPs, Pt foil, and PtO2 at the Pt L3 edge and (b)
Ru@Pt core/shell NPs, PtRu alloy (1:1) NPs, Ru and RuO2 pow-
ders at the Ru K edge.
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Ru@Pt NPs are highly disordered with few discernible

interactions beyond the first nearest neighbor peak.

These findings are also entirely consistent with the XRD

and TEM studies that show poorly crystalline Ru NP

seeds prior to Pt coating.

Comparisons of the experimental EXAFS results

with models of 4.0 nm Ru@Pt NPs show that the data

are most consistent with �3.0 nm Ru cores
covered with 1�2 ML Pt shells. Pt�Pt coor-
dination numbers of the first through fourth
coordination shells for the Ru@Pt
core�shell nanoparticles were calculated
from various 4.0 nm model NPs comprising
fcc Pt shells on highly disordered Ru cores
(see Experimental Methods for details). The
4.0 nm NP size was based on the results
from the TEM analysis described in the pre-
vious section. The distributions of pairwise
M�M separations for the core�shell and al-
loy NP models are shown in Figure 5. The
Pt�Pt coordination numbers of the first
through fourth coordination shells of the
4.0 nm Ru@Pt models with 1 and 2 ML shells
are given in Supporting Information, Table
S1, along with the experimentally observed
values. Given the weak order in the core, Ru
contributions were expected to be small
and the Pt�Ru interactions were not in-
cluded in the modeling. It should be noted
that the experimental Pt data also show rea-
sonable agreement with a monometallic

1.1 nm Pt cluster. However, monometallic particles or
any particles of that size have not been observed in any
of the TEM studies.

X-ray Diffraction. Powder X-ray diffraction profiles of
the PtRu (1:1) alloy NPs reveal an fcc structure that is in-
termediate to bulk fcc Pt and the fcc equivalent of me-
tallic hcp Ru. Rietveld refinement of the synchrotron dif-
fraction data yields a cubic lattice parameter, a �

3.8771(3) Å, and a refined Pt/Ru ratio of 49(1):51(1) (Fig-
ure 6c). The lattice constant is very close to the 3.873
cell expected from a Vegard’s law extrapolation for a
50:50 random alloy.

In contrast, the XRD patterns of the Ru@Pt
core�shell NPs are a superimposition of the two com-
ponents: a poorly crystalline Ru core and a distorted but
relatively crystalline Pt shell (Figure 6a).

Modeling of the PtRu (1:1) alloy and Ru@Pt
core�shell structures was accomplished by using the
Debye function subroutine in the DISCUS software
package.36 Simulation of the core�shell structure re-
quired the Ru@Pt model structures to be entered as 4.0
nm clusters packed into an artificial 4.0 nm lattice as de-
scribed in the Experimental Methods. The PtRu (1:1) al-
loy NP was modeled for a 4.4 nm cluster with random
distribution of Pt and Ru atoms. As a result, there are no
symmetry requirements and the observed simulations
represent the diffractions of the unconstrained model
structures. The calculated and observed diffraction data
for the core�shell and alloy NPs are shown in Figure
6. Weak diffraction artifacts are generated from the in-
tercluster spacings of the artificial lattice and are
marked by asterisks in Figure 6a,b. The calculated and
observed XRD patterns for the PtRu (1:1) alloy (Figure

Figure 4. Fourier transform magnitudes of the FEFF6 theory (red) to the EXAFS data at
(a) Pt L3 edge and (b) Ru K edge for the Ru@Pt core/shell NPs, and at (c) Pt L3 edge and
(d) Ru K edge for the PtRu alloy (1:1) NPs.

TABLE 1. Structure Parameters and Estimated
Uncertainties (in parentheses) from EXAFS Analysis of the
Ru@Pt Core/Shell and PtRu Alloy (1:1) NPs

samples bulk Pt foil PtRu NP Ru@Pt NP bulk Ru foil

NPt�Pt 12 6.8 (3) 7.2 (4)
NPt�O 1.1 (4)
NPt�Ru 2.8 (3) 0.3 (1)
NRu�Pt 4.0 (6) 0.4 (3)
NRu�Ru 4.2 (9) 7.5 (5) 12 (6 � 6)
NRu�O 1.1 (7) 0.5 (3)
NPt�M 9.6 (5) 7.4 (6)
NRu�M 8.1 (1.1) 7.9 (5)

RPt�Pt (Å) 2.774(2) 2.739 (2) 2.743 (3)
RPt�O (Å) 1.998 (15)
RPt�Ru (Å) 2.716 (3) 2.690 (10)
RRu�Pt (Å) 2.716 (3) 2.690 (10)
RRu�Ru (Å) 2.688 (6) 2.665 (3) 2.648 (2)

2.707 (2)
RRu�O (Å) 1.965 (22) 1.967 (15)

�2
Pt�Pt (Å2) 0.0050 (1) 0.0055 (2) 0.0076 (3)

�2
Pt�O (Å2) 0.0116 (46)

�2
Pt�Ru (Å2) 0.0049 (5) 0.0027 (14)

�2
Ru�Pt (Å2) 0.0049 (5) 0.0027 (14)

�2
Ru�Ru (Å2) 0.0067 (12) 0.0061 (4) 0.0032 (2)

�2
Ru�O (Å2) 0.0028 (39) 0.0000 (18)
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6b) show that the Debye
analyses of the cluster models
are quite effective in simulat-
ing the diffraction data.

The calculated and ob-
served X-ray diffraction pat-
terns for the 4.0 nm Ru@Pt
core�shell NPs with ca. 1�2
ML Pt shells are shown in Fig-
ure 6a. Simulations of the XRD
data show that the observed
diffraction patterns are domi-
nated by Pt and are consistent
with 1�2 ML shells. The best
simulations were obtained
with highly distorted Ru cores
(relative to hcp metallic Ru)
that contributed little to the
overall diffraction intensity.
The Ru cores were distorted
through MMC simulations36 to
better simulate the amor-
phous structure revealed by
our EXAFS, TEM, and XRD
studies of the Ru NP seeds.
Debye simulations of the dif-
fraction from the Pt shell with-
out a Ru core also provide a reasonable match to the ex-
perimental data (see Figure 6a). In total, the simulations
are entirely consistent with the model structure com-
prising slightly distorted 1�2 ML Pt shells deposited on
essentially amorphous Ru cores.

Atomic Pair Distribution Function Analysis. The Ru@Pt
core�shell and PtRu alloy NPs as well as monometallic
Ru NPs were analyzed using atomic pair distribution
function (PDF) analysis. The evaluation of diffraction
data in terms of the total reduced structure factor, F(Q),
and its Fourier transformed equivalent G(r), known as
the atomic PDF, are well-documented techniques for
probing the structures of small metallic NPs.39 This tech-
nique is particularly powerful for assessing the 3-D
structure of essentially amorphous nanomaterials with
minimal long-range order. An excellent overview of the
theory and application of PDF analysis on Ru NPs has
been described by Petkov et al.40

Distorted model clusters as well as periodic phases
were used for PDF simulations. The Ru and PtRu (1:1) al-
loy NP model clusters were constructed from periodic
structures of hcp Ru and an fcc PtRu alloy that were
truncated to give spherical particles with the experi-
mentally observed mean particle size (3.0 nm Ru NPs
and 4.4 nm PtRu alloy NPs). The Ru@Pt core�shell mod-
els were constructed by superimposing fcc Pt shells (1
or 2 MLs) on the Ru cores as described in the Experi-
mental Methods. The Ru cores were randomly distorted
by using MMC simulations, in accord with previous
studies,40 to provide better fits to the data. Drawings

of the model clusters are shown in the insets of

Figure 5.

Experimental PDFs of monometallic Ru, bimetallic

PtRu (1:1) alloy, and Ru@Pt NPs are shown in Figure 7.

Visual inspection of the three patterns shows that each

has a different degree of long-range order and inter-

atomic distances. The PtRu alloy NPs show long-range

order that persists beyond 20 Å (Figure 7). The Ru@Pt

core�shell NPs also show pair correlations out to 20 Å

but with M�M separations different than those of the

alloy. In contrast, 3.0 nm Ru particles show order ex-

tending over only a few atoms with virtually no pair

contributions beyond 8 Å.

PDFs of monometallic Ru and bimetallic PtRu

NPs were refined using PDFGUI software.43 The ini-

tial fits of the PtRu (1:1) alloy data were performed

using a simple periodic fcc model in which Pt and Ru

were randomly substituted on the same metal site,

and the particle size was spherically truncated at 4.4

nm (Figure 8a). The PDF refined lattice parameter (a

� 3.879(1) Å) and site occupancies for Ru and Pt

(0.52(1) and 0.48(1), respectively) are in excellent

agreement with the Rietveld refinement of the XRD

data (see Figure 6c). While the PDF refinement of the

Ru data using a nondistorted periodic model yielded

reasonable lattice parameters, the quality of the fit

was poorOespecially beyond r � 5 Å. The high de-

gree of disorder in the Ru lattice is believed to be

largely responsible for the poor fit (Supporting Infor-

mation, Figure S4).

Figure 5. Plots of pair distributions predicted from model Ru@Pt core�shell structures with a 2.0 ML Pt
shell (top) and PtRu (1:1) alloys (bottom). The table insets show the calculated and observed EXAFS-
derived partial coordination numbers of the two NP architectures.

A
RTIC

LE

www.acsnano.org VOL. 3 ▪ NO. 10 ▪ 3127–3137 ▪ 2009 3131

D
ow

nl
oa

de
d 

by
 B

R
O

O
K

H
A

V
E

N
 N

A
T

L
 L

A
B

 o
n 

N
ov

em
be

r 
3,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 S

ep
te

m
be

r 
4,

 2
00

9 
| d

oi
: 1

0.
10

21
/n

n9
00

24
2v

http://pubs.acs.org/action/showImage?doi=10.1021/nn900242v&iName=master.img-005.jpg&w=358&h=274


Although alloy and pure metals can easily be fit

with periodic models, more sophisticated structures,

such as the core�shell, can only be simulated and re-

quire cluster models. Because PDF simulation software

requires crystallographic input (i.e., period structures),
we again constructed artificial lattices containing model
NPs. Figure 8 shows the refinement of the PtRu alloy
NP data using the “standard” periodic input described
above (Figure 8a) and the simulations using the cluster
model in the artificial cell (Figure 8b). The cluster model
cell introduces an anomalous background above the
average pair correlations due to the interparticle con-
tacts imposed by the artificial cell;44 however, the peak
positions and intensities are in excellent agreement
with the experimental data. Importantly, the compari-
son shows that the cluster models can provide excellent
simulations of the pair distributions.

Simulations of the Ru@Pt PDF data were calculated
using three different cluster models: an idealized Ru@Pt
core�shell cluster, a two-phase simulation in which Ru
cores and Pt shells were independent contributors, and
a Pt shell-only model (Figure 9). All three simulations
give reasonable peak positions and intensities at low r,
but the differences between the simulated and experi-
mental pair distributions are clearly discernible at high r.
First, the Pt shell-only model simulation gives a very rea-
sonable agreement with the experimental PDF, which
suggests that most of the ordered pair correlations re-
side in the Pt shell. Second, the idealized Ru@Pt cluster
model (with an ordered Ru core) gives the poorest
agreement, presumably due to the overweighting of
Ru interactions in the simulation. This problem is most
apparent at r values �10 Å where the Ru core has no
discernible pair correlations (see Figure 7). Finally, the
best simulation was obtained with a separated core and
shell model in which the poorly ordered Ru core was
down-weighted relative to the Pt shell to better simu-
late a poorly crystalline core/crystalline shell structure
(Figure 9, bottom). The resulting scale factors for the
core and shell components in this refinement were 10:1
(Pt/Ru), indicating that the Ru cores had a negligible
contribution to the total scattering of the particles.

DISCUSSION
The structural studies described here provide clear

pictures of two types of NP architectures having the
same composition and size. While XRD and TEM-EDS
studies provide general information that differentiates
the core�shell from the alloy NP types, EXAFS and PDF
analyses provide detailed structural information regard-
ing core and shell interfaces, local bonding environ-
ments (bond distances and coordination numbers), and
total structural analysis on small, catalytically relevant
NPs. Importantly, the data show that core�shell and al-
loy NPs are distinct architectures that can be unequivo-
cally differentiated using the techniques described
herein. Each architecture is described individually
below.

PtRu(1:1) Alloy NPs. The experiments described above
reveal that the PtRu (1:1) alloy NPs are homogeneous
random alloys with large crystalline domains and rela-

Figure 6. (a) XRD data showing Debye simulations of diffraction
from a 4.0 nm Ru@Pt model cluster with a 1 ML Pt shell (top, blue),
a Ru@Pt model cluster with a 2 ML Pt shell (middle, dark green),
a 2 ML Pt shell alone (middle, light green), and the experimental
diffraction data (bottom, black). The red and black stick patterns
are the diffraction positions for bulk Pt and Ru metals, respec-
tively. Asterisks denote diffraction artifacts arising from the peri-
odicity of the artificial 5.0 nm lattice. The Ru cores are distorted
from the ideal hcp structure by way of multi-energy Monte Carlo
(MMC) transformations (see Experimental Methods). (b) Debye
simulation (red pattern) of diffraction from 4.4 nm PtRu (1:1) ran-
dom alloy cluster packed in a 5.0 nm lattice. The experimental
data (black pattern) is shown below. The red stick patterns repre-
sent diffraction positions for bulk Pt metal. The Miller indices for
the fcc reflections are shown. (c) Rietveld refinement of fcc PtRu
random alloy (space group Fm3m) from synchrotron data show-
ing experimental (black crosses), calculated (red line), and differ-
ence (black line, bottom) profiles. The refined parameters are
given in the inset.
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tively long-range order throughout the 4.4 nm particle.

The STEM-EDS experiments show that all of the NPs are

bimetallic, and the line scans (Figure 2) illustrate that

the Pt and Ru atoms are equally distributed through-

out the particles (i.e., a homogeneous random alloy).

The XRD and PDF studies show that the alloy has the ex-

pected prototypical fcc structure with a lattice con-

stant (a � 3.971(3) Å) indicative of a random alloy with

a 1:1 mixture of Pt and Ru. In addition, the refined Pt

and Ru occupancies from the XRD (51:49 Pt/Ru) and

PDF (52:48 Pt/Ru) studies both showed a 1:1 mixture

of the elements, which is consistent with the 1:1 ratio

of precursors used in the synthesis of the particles. As

evidenced from EXAFS data in Table 1, the PtRu alloy

has relatively high heterometallic coordination num-

bers, N, indicating a high degree of atomic mixing

(NPt�Ru � 2.8 � 0.3 and NRu�Pt � 4.0 � 0.6). Such re-

sults are expected if the PtRu NP system has a random

mixing of Pt and Ru at the atomic level.41

Heterometallic coordination numbers are related to

the bulk composition:36,37 XPt/XRu � NRu�Pt/NPt�Ru, where

X is the molar fraction of each element in a binary com-

pound, where the coordination number values are

taken from EXAFS analysis (Table 1). This relationship

holds regardless of the degree of short-range order

(SRO) in the binary compound or an alloy. The calcu-

lated XPt/XRu value of 1.4 � 0.3 for the PtRu alloy NPs (us-

ing the experimentally measured coordination num-

bers, Table 1) is close to the 1:1 ratio obtained

independently by single-particle STEM-EDS, XPS mea-

surements,5 XRD and PDF refinements (see above), and

the 1:1 ratio of precursors used in the particle synthe-

sis. This result further validates the self-consistency of all

experimental methods used in this work and adds cre-

dence to our definitive statements about the composi-

tion, structure, and architecture of the nanoparticles

that emerged as a result of the combination of these

techniques.

XANES experiments showed that both Pt and Ru

were primarily in the metallic state in the PtRu alloy

NPs, but the Ru showed a slight oxidation relative to

the metallic Ru standard and the Ru@Pt core�shell NPs.

Consistent with this finding, the EXAFS experiments

showed measurable Ru�O contributions, whereas no

measurable Pt�O contributions were detected. In addi-

tion, colloidal and surface IR experiments with CO

probe molecules show both Pt and Ru on the surface

of the alloy NP, but the surface Ru atoms are most sus-

ceptible to oxidation.

Figure 7. (a) Experimental PDFs of monometallic Ru (black),
PtRu (1:1) alloy (blue), and Ru@Pt core/shell (red) nanoparti-
cles.

Figure 8. (a) PDF refinements of the PtRu (1:1) alloy NPs us-
ing the spherically truncated periodic model. The experimen-
tal data are shown by markers and the fits by solid lines. The
difference between experiment and fit is presented below
the plot. (b) Simulation of the PtRu alloy PDF (in red) using
4.4 nm alloy clusters packed in an artificial unit cell. The ex-
perimental PDF is shown in black.

Figure 9. PDF simulations (in red) of the Ru@Pt core�shell
NPs using ATOMS generated model clusters of (top) a 4.0 nm
diameter 1356 atoms (2 ML) Pt skin, (middle) a single-phase
4.0 nm diameter Ru@Pt with 3.0 nm diameter Ru core and 2
ML thick Pt shell, and (bottom) a two-phase 4.0 nm diam-
eter Pt skin and 3.0 nm diameter Ru. The experimental data
are shown by black markers at the bottom.
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Ru@Pt Core�Shell NPs. The cumulative data presented
here reveal that the Ru@Pt core�shell NPs comprise
very disordered, metallic Ru cores with relatively crystal-
line �1.5 ML thick Pt shells. The STEM-EDS studies
showed that all of the Ru@Pt particles are also bimetal-
lic, but the distinctive bimodal distribution of the Pt in
the particles (Figure 2) is indicative of a shell structure
unlike those of an alloy or ordered intermetallic NP. The
XANES experiments show that the Ru cores are prima-
rily in the metallic state, but the XRD, PDF, and EXAFS
data show that there is little order in the core structure.
The Ru cores appear quite distorted from the structure
of the bulk hcp metal and quite similar to the thiol-
capped essentially amorphous Ru particles studies by
Petkov et al.40

The EXAFS data provide valuable insight regarding
the nature of the Pt shell as well as the Ru�Pt
core�shell interface. In modeling the Pt EXAFS data,
the best agreement with experiment is found when a
mixture of the 1 and 2 ML Pt shells (i.e., a 1.5 ML Pt shell)
was employed in the model calculations (see Figure 5
and Supporting Information, Table S1). This finding is in
excellent agreement with the 1.4 ML Pt shell predicted
from the Schmid�Toshima38 analysis of the particle size
and composition. The Pt�Ru coordination numbers in
the Ru@Pt NPs (NPt�Ru � 0.3 � 0.1 and NRu�Pt � 0.4 �

0.3) are small but measurable from fits of both the Pt
and Ru experiments, indicating a limited number of het-
erometallic interactions between the Ru core and Pt
shell.41,42 Since the combination of TEM/EDS (Figure 2b)
and XPS studies5 indicates that the particles have rela-
tively narrow size and composition distributions, the
small Pt�Ru coordination numbers can be uniquely at-
tributed to the interfacial interaction between the core
and shell components and are very close to the NPt�Ru �

0.67 predicted from a pair distribution analysis of the
model cluster (see Figure 5). Importantly, the EXAFS
data show that the number of Pt�Ru interactions and
their associated bond distances are very similar to that
expected from the model structures and are very differ-
ent from the PtRu alloy. These findings indicate that, de-
spite the disorder in the Ru core, the Pt�Ru interface
is quite normal and not significantly contaminated by
oxide interlayers.

Interestingly, the Pt�Ru disorder parameters were
obtained to be smaller for the Ru@Pt NPs compared to
the PtRu (1:1) alloy NPs (Table 1). One possible explana-
tion for this peculiar observation is a particular model
of disorder in the Pt�Ru interface (between the Pt shell
and Ru core). If there are two populations of Pt�Ru
bonds at the interface, the strongly ordered and
strongly disordered ones, EXAFS signal will be contrib-
uted by the relatively ordered pairs only (i.e., ones with
smaller disorder parameters, consistent with our results
in Table 1), whereas the second population of bonds,
the strongly disordered ones, will not contribute to EX-
AFS. Such bimodal distribution of Pt�Ru bonds may ex-

plain also the relatively low coordination numbers of
Pt�Ru bonds obtained by EXAFS compared to the PDF
analysis results (vide supra).

The XANES data show essentially metallic states for
both Pt and Ru, but the Pt data for the Ru@Pt NPs show
a higher degree of oxidation than the Pt foil reference
or the PtRu alloy. Accordingly, we observed significant
contributions from Pt�O interactions (NPt�O � 1.1 �

0.4) in the Ru@Pt NPs but no detectable Ru�O interac-
tions, in sharp contrast to what was obtained for the al-
loy. These data collectively illustrate that the metals
are in significantly different chemical environments in
the core�shell versus alloy architectures. Moreover, the
Ru core in the Ru@Pt structure is significantly less oxi-
dized (more metallic) than either the PtRu alloy or the
Ru NP seeds, again suggesting that the core�shell ar-
chitecture has a significantly altered chemical environ-
ment relative to the alloy or monometallic NPs.

Finally, there are several interesting features associ-
ated with the Pt shell. We show through Debye func-
tion simulations and XRD experiments that relatively
sharp X-ray diffraction peaks can be obtained from
monolayer thick Pt shells. While the Pt diffraction posi-
tions and intensities are generally consistent with fcc Pt,
non-uniform shifts in the profiles reveal distortions
from the ideal fcc structure. In particular, the 200 reflec-
tion shifts to lower 2�, while the reminder of the diffrac-
tion peaks are slightly shifted to higher 2� values rela-
tive to metallic Pt. In addition, the EXAFS data show a
slight compression of the Pt�Pt bonds relative to bulk
Pt, which are consistent with DFT models and observed
chemical activity.45,46 The variations in peak positions
signify distortions in the Pt structure that presumably
arise from pseudomorphic growth of the Pt shell over
the Ru core.47�49

In summary, we have documented and differenti-
ated the structural details of Ru@Pt core�shell and
PtRu alloy NPs of the same size and composition. The
findings are based on a combination of TEM, EDS,
EXAFS, XANES, PDF, and XRD studies that provide cu-
mulative evidence for two different architectures.
Importantly, the different architectures (core�shell
vs alloy) impart marked differences in chemical activ-
ity. The Ru core in the Ru@Pt particle affects signifi-
cant changes in the electronic and structural proper-
ties of the Pt shell that greatly influences the
chemical activity of the system. The Pt�Pt and
Pt�Ru interactions in the shell and core�shell inter-
face, described in this study, provide insight into
the origins of the anomalous behavior and provide
excellent data for future model development. In
both the PtRu alloy and Ru@Pt core�shell systems,
the Ru is partially oxidized (�10�20%) but the Pt
metal is only oxidized in the core�shell structure.
The degree of oxidation of each metal varies with
the particle treatment (H2 vs O2), but both the alloy
and core�shell systems are primarily in the metallic
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state in the conditions described here. In subse-
quent studies, we will show how the Ru@Pt
core�shell NPs form surface alloy structures under
oxidizing conditions and re-form core�shell struc-

tures under reducing conditions in a reversible fash-
ion. These reversible changes in structure affect re-
versible changes in catalytic activity and provide a
unique example of structure�activity relationships.

EXPERIMENTAL METHODS
Synthesis. The synthesis of Ru@Pt core�shell, PtRu alloys, and

the monometallic Ru and Pt NPs has been described elsewhere.5

The structural studies described below were all recorded from the
same sample lots to facilitate direct comparisons.

TEM/STEM/EDS. A Jeol 2100F field emission transmission electron
microscope (FE-TEM) equipped with an Inca energy dispersive spec-
trometer (EDS) was used for line and point spectra of nanoparticles.
The FE-TEM was operated at 200 kV and in the scanning mode (STEM).
FFT analysis was performed using Gatan Digital Micrograph software.

Powder X-ray Diffraction. A Bruker C2 Discover (Parallel Beam)
general area diffraction detection (GADDS) system was used for
powder diffraction measurements. A Bruker ACS Hi-Star detector
was used in conjunction with a monochromatic Cu K	 radiation
source biased at 40 kV and 40 mA. The diffraction patterns were
acquired between 33 and 90° by integrating and merging four
2-D images covering a 14° range in 2� collected with 10�15 min
exposure times. The samples were oscillated in the xy plane to
homogenize the diffracting grains.

Powder X-ray Diffraction Refinements. The general structure analy-
sis system (GSAS) package30 was employed to analyze and re-
fine the synchrotron data of the 1:1 PtRu alloy NPs. The data were
collected at the 11-BM-B beamline at the Advanced Photon
Source of Argonne National Laboratory. A monochromatic 30
keV X-ray (
 � 0.4 Å) was used. For the alloy sample, a single-
phase Rietveld refinement was conducted with Pt and Ru statis-
tically mixed in an fcc structure.

Atomic Pair Distribution Function Analysis. Data suitable for PDF
analysis were conducted at the 11-ID-B beamline at the Ad-
vanced Photon Source at Argonne National Laboratory using
the rapid-acquisition PDF approach.31,32 A general electric amor-
phous silicon detector was used in conjunction with high-energy
X-rays (�59 keV). The data analysis was carried out using PDF-
GETX2 and PDFGUI software packages. First, the intensity func-
tion, I(Q), was calculated from the raw X-ray data using PDF-
GETX2. The intensity function was corrected for the sample and
instrument effects such as Compton scattering, Laue diffuse scat-
tering, self-absorption, X-ray polarization, and weighting after
background subtraction. The corrected intensity function was
then used to calculate first the reduced structure function, Q[S(Q)
� 1], that was then Fourier transformed to the pair distribution
function, G(r). A model PtRu alloy cluster of Pt and Ru atoms was
refined against the modified pair distribution functions for the al-
loy NPs. To simulate the PDF patterns from cluster models, Pt
and Ru alloy NP cluster models were created using space group
Fm3̄m,33 extended in space to a 4.4 nm diameter sphere using
the PDFGUI software package, and refined as a periodic struc-
ture. The occupational probability of each atom site was initially
set to 0.5 and temperature factors to 0.01 Å2 for all Pt and Ru at-
oms, that is, a 1:1 alloy. Multiple variables including a low r cut-
off factor and a Q damping factor were used in the simulation.
The 4.0 nm core�shell clusters (see above section) consisting of
a Ru core and shells of either 810 Pt atoms corresponding to 1
monolayer (1 ML) or 1356 Pt atoms (2 MLs) were independently
simulated and compared to the pair distribution function for the
core�shell NPs. Similarly, a randomly disordered 3055 atom
(1:1) PtRu alloy cluster with a particle diameter of 4.4 nm was
also simulated for comparison.

Extended X-ray Absorption Fine Structure (EXAFS) and X-ray Absorption
Near Edge Structure (XANES) Studies. XAFS experiments were per-
formed at beamline X-18B at the National Synchrotron Light
Source (NSLS), Brookhaven National Laboratory, Upton, New
York. The storage ring energy was 2.5 GeV, and the ring current
was in the range of 110�300 mA. A double-crystal Si(111) mono-
chromator was used to scan X-ray energy from �150 to 1800
eV relative to Ru K edge (22 117 eV) and from �150 to 1600 eV

relative to Pt L3 edge (11 564 eV). Each sample (�20 mg) was pre-
pared by brushing the fine powder of the nanoparticles uni-
formly onto an adhesive tape, which was then folded several
times for the absorption coefficient jump at the edge to be be-
tween 0.5 and 1. Transmission XAFS measurements were carried
out with the pure Ru and Pt metals measured in reference mode
simultaneously for X-ray energy calibration and data alignment.
Data processing and analysis were performed using the IFEFFIT
package.34 EXAFS analysis was done model-independently, and
the results were not biased in favor of any assumed model about
the short-range order of elements in these samples. Specifically,
multiple-edge (Pt L3 and Ru K) analysis was employed by fitting
theoretical FEFF6 calculations35 to the experimental EXAFS data
in r space.15,17 The values of passive electron reduction factor, S0

2,
were obtained to be 0.87 and 0.83 for Pt and Ru, respectively,
by fits to their corresponding standards (the error bars in these
values were � 0.03 and 0.05, respectively), and fixed in the analy-
sis of the nanoparticles. The parameters describing electronic
properties (e.g., correction to the photoelectron energy origin)
and local structural environment (coordination numbers N, bond
length R, and their mean-squared relative derivation �2) around
absorbing atoms were varied during fitting. In addition, the
physically reasonable constraints between the fitting param-
eters, RPt�Ru � RRu�Pt and �Pt�Ru

2 � �Ru�Pt
2 , for the first nearest

neighbor (1NN) pairs were applied.
Modeling and Simulations. The models of the spherical

core�shell nanoclusters were created by superimposing Pt
shells of desired thicknesses over Ru cores of a desired size.
Both core and shell components were generated separately us-
ing the ATOMS program. Powder diffraction patterns were
simulated from the generated nanoclusters by using the De-
bye function in the DISCUS software package.36 The model
clusters were packed in artificial lattices with equilateral or-
thogonal axes (space group P1) and no imposed symmetry
(except translational).

Two 4.0 nm core�shell clusters were generated using pub-
lished Pt and Ru structural data for the bulk metals. One cluster
consists of 1605 Ru atoms and 810 Pt atoms that correspond to
a 3.5 nm Ru core and �1 monolayer (ML) thick Pt shell. A second
cluster consists of 922 Ru atoms and 1356 Pt atoms correspond-
ing to a 3.0 nm Ru core and a �2 ML thick Pt shell. The ATOMS-
generated core�shell clusters were further distorted to register
Ru and Pt atoms using the DISCUS multi-energy Monte Carlo
function.36 The atoms were moved in harmonic potentials, Eh, ac-
cording to the equation

where j is the site index, n is the neighbors around site j, djn is
the distance between neighboring atoms, d0 is the average dis-
tance, and �jn is the distortion. The sums were taken over all sites
j and all neighbors n around site j.36 The force constant kn was
fixed at an arbitrary value of 10 for all nearest neighbor pair in-
teractions. The Hamiltonian was normalized using a restoring
force constant k0 (i.e., a situation where �jn � 0), which was also
arbitrarily fixed at 15 for all nearest neighbor pair interactions.
EXAFS-measured metal�metal distances of dPt�Pt � 2.743 Å,
dPt�Ru � 2.690 Å, and dRu�Ru � 2.665 Å were used. Pt atoms were
allowed to shift isotropically by 0.005 Å and Ru atoms by 0.015
Å. Thermal factors (i.e., Debye�Waller parameters) were also
taken into account in the MMC simulations. Simulated
atom�atom distances converged to the EXAFS-derived dis-
tances within 106 cycles.

The alloy cluster of 4.4 nm diameter was generated as de-
scribed above, with the exception that the fcc Pt cluster was

Eh ) ∑
j

∑
n

kn*[djn- γjn*d0]2 (1)
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first generated with the EXAFS-derived unit cell parameters (de-
duced from the measured interatomic distances) in a 4.4 nm cu-
bic box and randomly replaced by Ru atoms with a probability
of 0.5 using the DISCUS CHEM function.36 The alloy cluster was
further distorted as described above with the EXAFS-measured
metal�metal distances of dPt�Pt � 2.740 Å, dPt�Ru � 2.718 Å, and
dRu�Ru � 2.690 Å and the distortions of �Pt � �Ru� 0.005 Å.

The powder diffraction data were simulated using the “pow-
der” subroutine with built-in “Debye” function in DISCUS.36 The
coordination numbers for the first through fourth coordination
shells for Pt in the model core�shell clusters were calculated us-
ing the “CHEM” subroutine in the DISCUS package and com-
pared to the experimental results from the EXAFS analysis.
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